I n many Lenke1 and 2 adolescent idiopathic scoliosis (AIS) patients, only main thoracic curve needs to be corrected and fused, due to the good compensation of flexible lumbar curve. However, some patients may develop Adding-on in distal end below the lower instrumented vertebra (LIV), namely a progressive correction loss due to an increase in either vertebral deviation below the main thoracic curve or disc angulation below LIV, 1 with a reported incidence of 2% to 21%. [2] [3] [4] Adding-on is defined as (1) an increase in Cobb angle of at least 5 degrees and distalization of the end vertebra or (2) a change in disc angulation of 5 degrees or greater below the LIV from the first erect to the 2-year follow-up radiographs. 1, 5 Adding-on often leads to the progressive loss of curve correction and clinical outcomes, such as wedging and degeneration of the adjacent disc, and some patients even need revision surgery, which is a great concern among patients and surgeons. offers more variability in selection of the distal fusion segment, and the occurrence of this phenomenon is also considered to be influenced by many factors, including skeletal immature, the increase of the LIV-the central sacralvertical line (LIV-CSVL) distance by 10 mm in the postoperative period, and shoulder balance, other than the selection of LIV. 3, 5, 9, 10 Furthermore, the extension of fused segment is regarded as an effective method for preventing Adding-on; however, the extension of the main thoracic curve will lead to more trunk decompensation and/or intervertebral disk wedging changes, which will reversely cause spine degeneration and/or the extension of fusion segments toward the distal end. 1, 5 So far, there has been no consensus on the main causes of Adding-on phenomenon and whether it could be predicted after surgery is also unclear. In this study, we aimed to identify the main factors in the onset of Adding-on phenomenon through case review, multi-factor analysis with confounding factors control, and introduce a novel predictor for the occurrence of Adding-on phenomenon.
METHODS AND MATERIALS Patient Population
Lenke1 and 2 AIS patients with posterior all-pedicle screw instrumentation in our center from January, 2009, to July, 2013, were retrospectively analyzed. Inclusion criteria were Lenke 1 or 2 AIS, with no operation history previously and treated with posterior pedicle screw instrumentation and fusion. All patients received posterior correction surgery under controlled hypotension. The fusion material was freeze-dried bone allograft. The scoliosis was corrected with a combination of translation and rod derotation technique. The common criterion of proximal fixed vertebra selection was neutral vertebra (NV), and the distal end was stable vertebra (SV) or the first segment above stable vertebra (SV-1). All patients included were followed up for at least 2 years. Other scoliosis, such as neuromuscular scoliosis and degenerative scoliosis, and patients without sufficient radiological parameters were excluded. This study was approved by the Institutional Review Board in our university, and all patients in our study provided written informed consent for the study.
Data Collection
General information, including patients' age, gender, Lenke classification, and Risser's sign, were recorded. The standing posteroanterior, before surgery, and standing posteroanterior and lateral radiographs at 2 weeks after surgery (initial) and 2 years follow-up were recorded. Radiological parameters were measured and analyzed, including fusion segments, number of implanted screws, segments between the LIV and SV (LIV-SV, ''þ'': LIV is distal to SV, ''À'': LIV is proximal to SV), the segments between the LIV and EV (LIV-EV, ''þ'': LIV is distal to EV, and ''À'': LIV is proximal to EV), LIV-CSVL 8 (the distance between the LIV and the CSVL), LAV-CSVL 11 (deviation of lumbar apex vertebra, the distance between lumbar apical vertebra and the CSVL), LAV-LIV (level of apex of lumbar curve,the level between the LIV and lumbar apical vertebra; for example, if the LIV is L2 and the LAV is L1, the LAV-LIV is 1), the number of nonfused segments on the distal end of LIV (DnfS, number of vertebra from the first non-fused vertebra to L5 vertebra). For example, if the first nonfused vertebra is L1, the number of remaining segments was 5. The curve Cobb angle on standing posteroanterior, related parameters of shoulder balance, including T1 tilt angle, clavicle angle (CA), and radiological shoulder height (RSH), thoracic kyphosis (TK), lumbar lordosis (LL), and thoracolumbar juncture kyphosis angle (TJK) on sagittal view, were also analyzed. SRS-22 scores (Scoliosis Research Society questionnaire) were also evaluated to pay attention to the patient-centered outcome, including pain, appearance, activity, mental health, and satisfaction. All the parameters were obtained by 2 independent surgeons with 2 repeats and the average value of 4 times was calculated.
At the final follow-up, patients were divided into 2 groups on the basis of whether the Adding-on phenomenon occurred, according to the definition by Wang et al
Cobb angle is added at least by 5 degrees, with the distal end vertebra of main thoracic curve progressing toward distal vertebra, or the angulation of the first intervertebral disk below LIV after surgery increases by over 5 degrees at 2-year follow-up. All the clinical and radiological parameters were compared between these 2 groups (univariate analysis). Binary logistic regression analysis was also performed to detect the risk factors for occurrence of Adding-on phenomenon using the variables that were found significant in univariate analysis, except for the postoperative Cobb angle of main thoracic and lumbar curve at 2 years follow-up. Furthermore, Adding-on Index (ADI) was set according to the results of logistic regression, as a novel predictor for Adding-on. The sensitivity and specificity of the predictive power of the occurrence of Adding-on phenomenon using ADI were calculated and the ROC curve was drawn.
Statistical Analysis
The software package SPSS 17.0 was used for all statistical analysis. Descriptive statistics were listed in the form of mean and standard deviation. Independent 2-sample t test was used to compare the differences of variables between 2 groups. x 2 test was used to compare the differences of count data. Binary logistic regression models, with forward elimination (Conditional), were constructed using variables that were found significant in a comparison study except for the postoperative Cobb angle of main thoracic and lumbar curve at 2 years follow-up in order to find independent risk factors associated with Adding-on phenomenon. Receiveroperating characteristics (ROC) curves were constructed to detect the optimal cut-off value of ADI as indicators for occurrence of Adding-on phenomenon. P < 0.05 was considered with significant difference.
RESULTS

General Information
A total of 98 AIS patients were in accordance with the inclusion criteria (81 women 83% and 17 men 17%). The average age at surgery was 14.4 years (ranging from 10 to 20 yr), the average Risser's sign was 3.2, and the mean coronal angle of the main thoracic curve was 49.0 degrees. There were 64 Lenke 1 patients and 34 Lenke 2 patients. With regard to the lumbar curve modifier, nearly 69% of these AIS patients were type A, and 18 patients and 13 patients were type B and type C, respectively. The distribution of all the measurements is summarized in Table 1 . With regard to the complications, great progression of Adding-on was observed in 2 patients (12.5%) in Adding-on group. Among them, 1 patient received the bracing treatment and its residual angle reduced to 25 degrees, while the other patient received the revision surgery. In addition, no patients need revision surgery in patients without Adding-on (Table 2) .
Univariate Analysis
Significant differences of parameters between these 2 groups were found as follows: Risser's sign (P ¼ 0.017), postoperative Cobb angle of main thoracic curve (P ¼ 0.037), postoperative Cobb angle of main thoracic curve at 2 years followup (P ¼ 0.027), preoperative lumbar curve Cobb angle (P ¼ 0.030), postoperative Cobb angle of lumbar curve (P ¼ 0.003), postoperative Cobb angle of lumbar curve at 2 years follow-up (P ¼ 0.004), postoperative TJK (P ¼ 0.025), LIV-EV (P ¼ 0.003), LIV-SV (P ¼ 0.004), LIV-CSVL (P ¼ 0.028), LAV-CSVL (P ¼ 0.013), LAV-LIV (P ¼ 0.007), and DnfS (P ¼ 0.022). The data are summarized in Table 2 . Furthermore, the score of pain, appearance, activity, mental health, satisfaction, and total score was 4.4, 4.0, 4.6, 4.2, 4.1, and 4.2 in patients with Adding-on and 4.4, 4.2, 4.5, 4.3, 4.3, and 4.3, respectively, and there were no significant differences between these 2 groups (all P > 0.05, Table 2 ).
Multivariate Analysis
Results of binary logistic regression showed that the DnfS and postoperative Cobb angle of lumbar curve were the Table 3 . According to the results of regression equation, we defined the ADI as 4ÃDnfS-the postoperative Cobb angle of lumbar curve. On the basis of the ROC curve, the optimal cut-off values of ADI as indicators for occurrence of Adding-on phenomenon were projected to be 12 ( Figure 1 ). If this index was beyond 12, the occurrence rate of Adding-on was 88%. On the contrary, the rate of no Adding-on was 80%.
DISCUSSION
Distal Adding-on phenomenon is a common complication in AIS patients after AIS correction surgery, which was firstly reported by Suk et al. 12 Although Adding-on phenomenon also existed in the past with the hook fixation system, it is more common with the use of all pedicle screw. [13] [14] [15] [16] Suk et al 12 found that in some Lenke 1 AIS patients, lumbar curve became straight due to compensation after main thoracic curve was corrected. However, at the subsequent follow-up, the original main thoracic curve extended toward the overcorrected lumbar curve in some patients, namely the Adding-on phenomenon.
The major reason was previously considered to be correlated with LIV selection. For example, Suk et al 12 believed that the Adding-on phenomenon was related to the compensatory rotation state of the lumbar curve. Wang et al 1 argued that in Lenke type 1A scoliosis, the selection of LIV was highly correlated with the occurrence of Adding-on. When the CA indicates clavicle angle; DnfS, the number of nonfused vertebral segments; LAV-CSVL, the distance between lumbar apical vertebra and the central sacralvertical line; LAV-LIV, the level between the lower instrumented vertebra and lumbar apical vertebra (e.g., if the LIV is L2 and the LAV is L1, the LAV-LIV is 1); LIV-CSVL, the distance between the lower instrumented vertebra and the central sacralvertical line; LIV-EV, the number of vertebra between the lowest instrumented vertebra and the end vertebra (e.g.
, LIV [L1]-EV [T12] was 1); LIV-SV, the number of vertebra between the lowest instrumented vertebra and the stable vertebra (e.g., LIV [L1]-SV [L12] was -1);
RSH, radiological shoulder height; screw density, number of implanted screws/(2 times fusion segments); T1t, the first thoracic tilt.
deviation between LIVþ1 (the first vertebra below LIV) and central sacral vertical line (CSVL) is beyond 10 mm before surgery, the occurrence rate is increasing. 1, 3, 5, 9 Selection of the first vertebra in cephalad direction from sacrum whose deviation from CSVL is more than 10 mm as LIV might lead to the best result because it is able to maintain more lumbar vertebra flexibility meanwhile preventing Adding-on. Cho et al 4 reported that it was related to the L4 tilt subtype of Lenke type 1 and selection of fused segments. However, some subsequent studies demonstrated that shoulder balance could influence Adding-on. 10 Matsumoto et al 3 believed that the remaining apical vertebra deviation of the main thoracic curve and the LTV (last touching vertebra) in cephalad direction of LIV were significantly correlated with Adding-on, as a result of which surgeons should try their best to reduce the remaining apical vertebra deviation of the main thoracic curve and extend LIV to LTV to prevent Adding-on after surgery. The study by Lakhal et al 5 showed that in Lenke type 1 scoliosis, the selection of LIV was strongly related with the progression of the lumbar curve below and the distal Adding-on. LIV should be determined according to the flexible range of LIV lower vertebra disk on coronary and sagittal planes, which could prevent the occurrence of Adding-on and the progression of lumbar curve. Those results are encouraging and are needed to be confirmed in future studies.
Nevertheless, he did not give a specific standard. In addition, some other factors such as skeletal maturity also affect the onset of the Adding-on phenomenon. Nevertheless, so far, it has remained unclear which factor is the most important for influencing the occurrence of Adding-on phenomenon and no comprehensive index for predicting the occurrence of Addingon phenomenon. Although the occurrence rate of Adding-on is high, many studies have proved that during 2-year followup and evaluation, there is no correlation between Adding-on and spinal imbalance. Although long-term results remain unknown, it is widely believed that it should be avoided as much as possible, as Adding-on is worrying and some patients with severe Adding-on even need revision surgery.
The univariate analysis in this study indicated that compared with patients without Adding-on, the patients in Adding-on group presented less Risser's sign, smaller postoperative thoracic curve residual Cobb angle, both preoperative and postoperative smaller lumbar curve Cobb angle, larger LIV-CSVL and LAV-LIV, and smaller LAV-CSVL. Those results were consistent with the results reported by previous studies. 1, 3, 5 With regard to the LIV-CSVL, LAV-LIV, our results indicated that the large deviation between lumbar curve and vertical line played a role in the occurrence of Adding-on that could provide more flexible vertebras and range of motion in the progression of Adding-on, which could be easily be understood. 5 The smaller the LAV-CSVL was, the less fusion segments surgeons might choose, leading to more likelihood of Adding-on. In addition, smaller LAV-CSVL equaled to less lumbar Cobb angle, which also resulted in larger ADI and higher occurrence of Adding-on. Risser's sign was found to be significantly associated with Adding-on phenomenon (P ¼ 0.017), suggesting that skeletal immaturity might be a contributor to Adding-on; however, Adding-on could be also found in many patients with skeletal maturity, indicating that skeletal immaturity might just be a risk factor, and in adult patients, age and related adjacent segment degeneration might be a contributor, 3, 17 although no studies have been performed to detect the difference between skeletal immaturity and adjacent segment degeneration. In addition, compared with no Adding-on group, the patients in Adding-on group had larger postoperative TJK angle, which has not been reported in previous reports. However, whether it implies that there is correlation between sagittal parameters and Adding-on needs further proof. Although authors have also observed that many Adding-on patients had shoulder imbalance after surgery, statistical analysis has not detected significant difference before and after surgery between the 2 The segments between LIV and EV, SV, and the number of nonfused segments (DnfS) showed significant difference, which is consistent with the study by Cho et al.
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In our study, no significant difference in postoperative SRS scores was observed between patients with or without Adding-on, either in the total or in any domain (all P > 0.05), which was consistent with the study by Matsumoto et al, 3 wherein the scores in all domains and total score were similar to our results. The insignificant difference might result from the short period of follow-up, and we believed that the progression of deformity in patients with Adding-on might be an important contributor to SRS-22, especially in the appearance domain, which might be observed in the 5 years' or 10 years' follow-up, which was consistent with the study by Upasani et al, 9 wherein they found that 2-year postoperative SRS-22 scores in the appearance domain were significantly worse in the deformity progression group. In addition, although there was no significant difference in appearance score (P ¼ 0.09), AIS patients with Adding-on seemed to have worse appearance score, and this insignificant difference might result from the small sample size of our study. Therefore, whether Addingon could result in the change of SRS-22 scores remains unclear and need further studies with long-term followup. Besides, 2 patients with Adding-on required medical intervence owing to deformity progression, and 1 of them received bracing treatment and the other received revision surgery. The revision rate in our study was 6.25%, which was the same as that reported in the study by Cao et al, 15 wherein 1 PLTV-group (the LIV was proximal to the LTV) patient required revision surgery to treat Adding-on, indicating that only a minority of patients with Adding-on needed revision surgery owing to the progression, and some patients could also receive bracing treatment before their skeletal immaturity to correct their progressive deformity.
The multivariate analysis in this study indicated that the main factors influencing the occurrence of Adding-on were DnfS (P ¼ 0.024) and postoperative Cobb angle of lumbar curve (P ¼ 0.020), while other variables were not primary contributors (all P > 0.05). The postoperative Cobb angle of main thoracic and lumbar curve at 2 years follow-up were not included in the multivariate analysis as they were the radiological manifestations of Adding-on. It indicated that if the fusion segments were too short (relatively longer nonfused segments), while the immediate postoperative lumbar curve was relatively small (usually more thoracic curve correction with more spontaneous compensatory of lumbar curve), and the possibility of the occurrence of Adding-on would be increased, which was consistent with previous studies, then the selection of LIV influences the DnfS and consequently influences the occurrence of Adding-on. It can also be observed in clinical situation that extension of fused segments can prevent Adding-on.
For Lenke type 1 and 2 patients, mostly the lumbar curve is not fused and the lumbar curve is spontaneously compensated after surgery. The postoperative Cobb angle of lumbar curve is mainly related to the correction degree of the main thoracic curve and the lumbar flexibility. Consequently, to prevent Adding-on angle, thoracic curve should not be overcorrected and the remaining thoracic curve gives rise to the compensation of unfused lumbar curve to avoid the occurrence of Adding-on caused by too much compensation. According to our results, it can be predicted that the reason of Adding-on is due to the too much compensation of nonfused distal end (lumbar curve) to the main thoracic curve. ADI can predict the occurrence of Addingon. In practice, in order to prevent Adding-on, the minimal postoperative Cobb angle of lumbar curve could be calculated according to patients' planned fused segments before surgery (4xDnfS-12) and the thoracic curve should be properly corrected according to presumptive postoperative Cobb angle lumbar curve. Otherwise, the fused segments should be extended.
So far, there has been no sufficient evidence that the Adding-on phenomenon brings short-term harm to patients' health-related quality of life (HRQOL). Whether chosing short-segment fusion and good correction with Adding-on or long-segment fusion or moderate correction without Adding-on, different surgeons may have different choices and alternatives. However, the continuous progression of serious Adding-on is abnormal with uncertain long-term effects, which should be avoided.
Although we found a novel predictor for Adding-on phenomenon and evaluate its effectiveness, there are some limitations of this study that should be addressed. First, our study was a single-center study and the sample size was relatively small. Second, studies with further long follow-up should be performed to detect the influence of Adding-on on HRQOL, as well as the effectiveness of ADI. Therefore, large-scale and multicenter studies should be performed to make a more comprehensive research into the effectiveness of ADI in predicting the Adding-on phenomenon.
CONCLUSION
After posterior correction surgery with all-pedicle screw for Lenke1 and 2 AIS patients, Adding-on group and no Adding-on group showed significant differences in Risser's sign and many other parameters. Among them, the DnfS and posterior Cobb angle of lumbar curve were 2 important factors affecting the occurrence of Adding-on. ADI can be used to predict the occurrence of Adding-on effectively.
Key Points
Several factors were found to be significantly different between the 2 groups: Risser's sign, postoperative Cobb angle of main thoracic curve, postoperative Cobb angle of main thoracic curve at 2 years follow-up, preoperative lumbar curve Cobb angle, postoperative Cobb angle of lumbar curve, postoperative Cobb angle of lumbar curve at 2 years follow-up, postoperative TJK, LIV-EV, LIV-SV, LIV-CSVL, LAV-CSVL, LAV-LIV, and DnfS.
